AD  No. 


Prepared  under: 


Development,  Engineering, 
and  Manufacturing 
high  and  ultra  high 
vacuum  equipment 
electron  beam  equipment 
advanced  materials 


Contract  No.  Nl4O(lJl)75098B 
Naval  Applied  Science  Laboratory 
New  York  Naval  Shipyard 
Brooklyn  l,  New  York 

1  Al  I  OYD  QFNFRAL  CORPORATION 

MAIN  OFFICES:  37  CAMBRIDGE  PKY..  CAMBRIDGE.  MASS.  02142  PHONE  868  6000.  AREA  CODE  617 


TUB  LIMBUS XOMAL  STABILITY  OP 
SBLBCTBD  ALLOY  SYtTSHS 


By  i 

P.P .  ttaihrauch 
44.  J .  Bor  don 


Pinal  import 

Juna  1,  1963  to  August  31,  1964 


Praparad  uadan 


Contract  Mo.  M14u(1>1)75098b 
Vaval  Appliad  Scienca  Laboratory 
Saw  York  naval  Shipyard 
Brooklyn  1,  Saw  York 


Subaittad  by  1 

a  Hoy  a  aanaral  Corporation 
37  C  tabrxdga  Parkway 
CuMbridga  4r,  Massacbuaatts 


ma*  of  cogranrs. 

£iS& 

1.  nrrsoDifcrioM . , .  1 

2.  MATERIALS  AW  PREPARATION . 2 

3.  EXPERIMENTAL  PROCEDURE .  5 

4.  RESULTS  AMD  DISCUSS ION . 21 

5.  distortioh  MEAsuRSMEJir  Facility .  77 

6.  FUTURE  WORK .  33 

7  .  REFERENCES . 34 


11 


I.  Chemical  composition  of  Spaclasn  itatarials 
IX.  asst  Treating  and  Machining  Schedules 
XXX.  Applisd  craep  Strassae 

XV.  Slastic  Limits  and  Slastic  Moduli  oi  Thraa 
Alloys  at  75#  130  and  <oo*F 

V.  Cvaap  Constants  tor  Squat ion  14 

VI .  crsap  Constanta  for  Equation  3-c 


mag  ar  imam 


EJUUL 

Pigura  1  -  ScLamatic  view  o£  capacitance  gauge  and 

spcclMa. . . 6 

Figure  2  -  Capacitance  gauge  teat  specimen . .  7 

Figure  5  -  Constant  temperature  chastiser  tor  elastic 

limit  measurements . . 11 

Figure  4  -  Constant  temperature  and  constant 

atmosphere  chamber  for  creep  measurements.  14 

* 

Figure  5  *  storage  specimen  for  dimensional  stability 

testing . . * . . .  18 

Figure  6  *  Stress-total  strain  end  stress  plastic 
strain  curves  of  free  cut  Invar  "56“  at 

75,  150  and  20 0*F . 22 

Figura  7  -  Stress -total  strain  and  stress  plastic 
strain  curves  of  556-*6  aluminum  at  75, 

150  and  200 *V .  25 

Figure  8  -  Stress-total  strain  and  stress-plastic 
strain  curvas  of  510  stainless  steal  at 

75,  150  and  200 *F .  *4 

Figure  9  -  Stress-total  strain  and  stress-plastic 
strain  curves  of  6o6l  aluminum  at  75, 

150  and  20U*F .  25 

Figure  lo  -  stress-total  strain  and  stress-plastic 
strain  curves  of  AZ92A  magnesium  at  75, 

150  and  200 *F .  26 

Figure  11  -  square  root  of  plastic  strain  vs .  stress 

for  five  alloys  testsd  at  75  *F . .  28 

Figure  1*  -  Total  creep  curves  of  Invar  H36N  at  o5*F • •  50 


iv 


idifc.  at,  itoBMOML  =  flaaUaiaafl 


&w 

Figura  13  -  Total  creep  curves  of  invar  N36N  at  150 *F.  31 
Figure  14  -  Total  creep  curves  of  Invar  "36“  at  200*1.  3k 
Figure  15  -  Total  creep  curves  of  356-^6  aluminum  at 


3$ •» .  33 

Figure  16  *  Total  creep  curves  of  356-T6  aluminum 

at  150*F .  34 

Figure  IT  -  Total  creep  curves  of  356-T6  aluxainum 

at  2UQ*F . . .  35 

Figure  16  -  Total  craep  curves  of  31v  stainless 

steel  at  85  *F.... .  36 

Figure  19  *  Total  creep  curves  o£  310  stainless 

steel  st  15Q*F .  37 

Figure  ku  -  Total  creep  curves  of  3lo  stainless 

steel  at  20u*F .  3S 

Figure  21  -  Total  creep  curves  of  6061-T6  aluminum 

at  85  *F .  39 

Figure  22  -  Total  creep  curves  of  6G81-T6  aluminum 

at  150  *F . 4u 

Figure  23  -  Total  creep  curves  of  6061-T6  aluminum 

at  2oo*F . 41 

Figure  24  -  Total  creep  curves  of  A£92A  magnesium 

at  85 *F . 42 

Figure  25  -  Total  creep  curves  of  A292A  magnesium 

at  150  *F .  43 

Figure  26  -  Total  creep  curves  of  A292A  magnesium 

at  £G0*F . 44 


v 


bUSk  Qi  Usuis**  z  fiaafclamfl 


Zmsul 

Figure  27  -  Total  creep  curves  of  free  cut  invar  at 

75  ®P . . . . .  51 

Figure  cfc  -  Creep  curvta  of  free  cut  Invar  at  15o*F  >t  52 

Figure  £9  **  Creep  curves  of  fraa  cut  Invar  at  <:Ou*P  . .  55 

Flyura  50  -  Creep  curves  of  556-T6  aluminum  at  75  *F  . .  54 

Flyura  31  -  Creep  curves  of  356-T6  aluminum  at  150*F  .  55 

Figure  >2  -  Creep  curves  of  356-T6  aluminum  at  2uO*F  .  56 


Figure  33  -  Creep  curves  of  310  stainless  steal 

at  75  *P .  57 

Figure  34  -  creep  curves  of  310  stainless  steal 

at  150 *F . 58 

Figure  35  -  Creep  curvee  of  310  stainless  steel 

at  *0o*F .  59 


Figure  36  -  creep  curvee  of  6u6l  aluminum  at  75*F  ...»  60 

Figure  37  •  creep  curves  of  606I  aluminum  at  150*F  . . ,  61 

Figure  38  -  Creep  curves  of  6061  aluminum  at  2oo*F  ...  62 

Figure  39  •  creep  curves  of  MJ92A  -  T6  magnesium 

at  75  *F .  63 

Flyura  40  *  Creep  curves  of  AZ92**  magnesium  at  15u*F  .  64 

Figure  41  •  creep  curves  of  £2921  magnesium  at  200*F  .  65 

Figure  4k  -  Dimensional  change  of  free  cut  Invar  38 


stored  at  75,  150  and  200  *F . . .  71 

Figure  43  -  Dimensional  changes  of  556-t6  rlusiauB 

stored  at  75*  150  and  200 T .  7 2 


vi 


Ui&a*,gia.Mta  *  Caaunmfl 


Figure  44  -  Dimensional  Changes  of  3io  stainless 

steel  stored  at  75,  15u  and  iOC*F . 75 

Figure  45  -  Dimensional  changes  of  6ubl  Aluminum 

stored  at  73,  150  and  tOoV . 74 

Figure  46  -  Dimensional  change  o£  b13'*J-,  magnesium 

stored  at  75 ,  150  and  ciou'F . . .  75 

Figure  47  -  Distortion  specimen. . . 76 

Figure  46  —  Schematic  view  o£  distortion  measuring 

facility . . . .  6v 


vii 


Elastic  limit*,  elastic  moduli,  stress-total 


•train  and  stress-plastic  strain  curves  were  data ruined 
for  free  cutting  invar  36,  336-76  aluminum;  310  stainless 
steel,  6061  aluminum  and  *Z<jteA  magnesium  at  75 #150  and  d uo*f. 
The  creep  behavior  of  these  alloys  mas  studied  at  the  same 
temperatures  of  interest  st  stresses  above,  below  and  at 
the  elastic  limit. 

Xn  all  cases  it  was  found  that  the  precision 
elastic  limit  did  not  define  the  minimum  strees  to  cause 
creep,  in  fact  creep  took  place  at  stresses  below  tfes 
elastic  limit  st  a  much  reduced  rate.  The  data  wae 
analysed  in  the  light  of  current  creep  theory  and  micro- 
yield  theory.  *  dislocation  model  mas  used  to  derive 
analytic  expressions  for  creep  near  the  elastic  limit 

stress.  Below  the  elastic  limit  creep  was  found  to 
follow  an  exponential  tine  dependence,  while  above  the 
elastic  limit  s  tR  time  dependence  wee  followed  with 
values  of  n  from  1/3  to  1/2. 

The  dimensional  changes  taking  place  in  these 
alloys  under  storage  conditions  st  the  three  testers tures 
of  interest  is  also  presented. 


h  facility  for  ooaaurlag  distortion  at  a  function 
of  boat  treating  and  Machining  oporatldna  was  doalgnod 
and  construe tad  and  is  described. 
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Tfte  present  report  summarises  the  work  under- 
taken  by  >lloyd  General  Corporation  during  the  period 
June  1,  196}  to  August  51,  1964  under  the  sponsorship 
or  the  Naval  Applied  Science  Laboratory,  Mew  York  Bnval 
Shipyard  to  investigate  the  dimensional  stability  ot 
several  alloy  systems. 

Xn  the  course  of  this  program  dimensional 
stability  evaluations  were  made  ot  five  alloys,  free 
cut  Xnvar  56,  556~v6  aluminum,  5X0  stainless  steel  6061 
aluminum  and  magnesium.  An  experimental  program 

was  developed  tor  determining  the  dimensional  distortion 
of  castings  accompanying  metal  fabricating  operations, 
and  the  necessary  equipment  wee  designed  and  constructed, 
measurements  of  distortion  accompanying  host  treating  and 
machining  operations  were  made  for  castings  of  type 
5i?6wr6  aluminum. 
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T ha  alloys  tasted  were  Frea  Cut  Invar  “36“, 
356-T6  aluninua,  31u  stainlaatf  stasis  6u6l  aluminum  and 
AZ9^£  naynaaium.  Tbs  Invar  and  6061  aluminum  war® 
rscsivad  in  tha  ton  ox  1  inch  diaaatar  cold  drawn 
uaanuaaiad  rod.  Tha  356  alualnua  und  310  stainless 
stock  was  racaived  as  1  x  1  x  6  inch  cast  blanks.  Tha 
magnaalvua  was  racaivad  in  tha  form  of  25  pound  cast 
ingots.  Tna  chan real  compositions  of  thasa  alloys  ars 
given  In  Tabls  1. 

Hast  Treating  and  Machining  schedule 
Tbs  ss^rscaivad  materials  war®  givan  ha at 
txeatmsnts  racowaandad  for  maximum  diiaanslonal  stability. 
Tha  hast  treating  and  machining  schedules  as  wall  as  tha 
final  hardaaas  of  each  alloy  sro  presented  in  Table  XI. 
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greeting  and  itichialng  Schedules 


^atarlal 
Invar  “36“ 


hardness 
aockwell  “i“. 


>10  stainless 

Steel 

hardness 

lockwell  “B“, 


336-*6 
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1.  Seat  treat  1525*F  la  hydrogen  - 
1/2  hour,  water  quench. 

2.  lough  McbiM  to  ov«c  «in  diaeaaioaa. 

3.  Meat  treat  12oo*F  la  hydrogen  -  air 

63  cool. 

4.  Final  Machine 

5.  Stabilise  200  °r  -  48  hour  a,  air  cool. 

1.  Quench  Ansae 1  I960*?  In  hydrogen  -  ')w'< 

1/2  hour,  water  quench. 

2.  lough  aachlne  to  overaisa  dlnea&lans. 

3.  Stress  relieve  750  *F  in  air  •  1  hour, 

83  air  cool. 

4.  Final  Machine 

3.  Stabilise  200*F  -  2(j  hours,  eir  cool. 

1.  Solution  anneal  - iouu*F  in  air  -  r  hra. 

2.  Quench  in  boiling  water 

3*  lough  sachina  to  overaisa  dlaeaaiona. 

77  4.  T«epar  3i0*F  -  4  hour  a,  air  cool 

3.  Final  Machine 

1.  Solution  anneal  *  97<J*F  in  air  -  2  hra. 

2.  tfater  quench 

3.  lough  Machine  to  overaisa  dneaeal^na 

55  4.  Age  hordes  •  35o*F,  6  hra.,  air  cool 

3.  Final  Machine 

1.  Solution  anneal  -  730  *F  in  £0^ 
ataosihere  -  2u  hra. 

2.  Air  blast  cool 

86  3.  lough  Machine  to  overaisa  d inane Iona 

4.  Age  harden  -  500*F,  4  hra.,  air  cool 

3.  Final  Machine 
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/'ll  crwp  behavior  ns  wall  as  tbs  clastic  licit 
sad  stress-strain  ds terminations  oi  the  alloys  were  mads 
with  s  capacitance  strain  gauge.  This  gauge  (Figure  1) 
consists  of  a  two  piece  precision  machined  invar  housing 
which  is  mounted  on  the  shoulders  ot  the  specimen  (Figure  «;). 
A  quarts  disc  plated  with  platinum  on  one  face  is  mounted 
in  the  upper  section  and  acts  as  the  posit iva  electrode 
of  a  parallel  plate  capacitor.  The  face  of  the  lower 
housing  is  highly  polished  and  acts  as  the  ground  electrode 
of  the  capacitor.  The  height  of  the  housing  cam  he  varied 
with  the  adjustment  screws  and  the  gauge  sensitivity  can 
be  varied  within  broad  limits  toy  changing  the  capacitor 
spacing,  with  this  device,  changes  in  specimen  length 
result  in  a  change  of  capacitor  spacing  which#  in  turn, 
is  translated  into  a  change  in  capacitance. 


3.2 
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The  elastic  limit  of  a  material  is  defined  as 
the  lowest  stress  required  to  produce  a  measurable  amount 
of  plastic  strain,  the  method  used  in  these  determinations 
was  the  load-ualosd  technique  of  Muir  and  Averbach. 
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FIGURE  1  .  SCHEMATIC  VIEW  OF  CAPACITANCE  GAUGE 


AND  SPECIMEN 


capacitance  gauge  test  specimen 


Test*  ware  conducted  in  an  laatron  gear— driven  testing 
aw  chine  of  10,00  u  pounds  capacity .  The  500  end  1000 
pound  scales  were  used  and  loads  were  road  to  the  nearest 
5  and  10  pounds,  respectively.  Tbe  test  spec lawn,  shown 
in  figure  2,  was  gripped  against  its  45*  shoulders  by 
watched  a  pi  it  nuts  which  wera  three  dad  into  grips.  The 
gripe  were  connected  to  the  frans  and  cross-head  of  the 
n-^h4rt  by  wild  steel  rods  hangers  through  spherical  rod- 
end  bearings .  Load*  wore  applied  in  Inc  reseats  of  4oo  pel 
in  the  region  of  the  anticipated  elastic  limit.  The  load¬ 
ing  rate  was  approximately  20,000  pal  per  minute  and  the 
spec  lean  was  immediately  unloaded  on  reaching  the  desired 
stress.  Repeatable  "aero"  stress  conditions  were  achieved 
by  allowing  the  spec  teen  to  bang  freely  under  the  weight 
of  the  lower  grip  end  hanger  for  unloaded  strain  readings. 

All  the  components  of  the  gripping  system  were  precision 
machined  to  maintain  axlallty  of  loading. 

Upon  reaching  the  elastic  limit  tha  load-unload 
sequence  was  continued  until  the  macroscopic  yield  point 
woe  reached.  The  change  in  capacitance  was  read  at  tha 
eaitlsnai  load  and  upon  unloading*  In  this  way  the  stress- 
total  strain  and  stress-plastic  strain  curves  were  generated. 
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The  change  in  goug*  capacitance  was  atniurad  with  a 
Bobertsbew  and  Fulton  Proximity  Motor.  Motor  calibration 
was  carried  out  for  each  specimen  by  loading  the  spec lean 
to  stresses  wall  to  low  the  alaatic  limit  and  noting  the 
aoer  daflaction.  There  ara  a lx  meter  acala  factor*  which 
allow  strain  measurements  x>  bo  mad*  In  a  rango  from 
1  x  10*7  to  600  x  IQ'"6  tnchea/inch .  The  calibration  was 
found  to  be  llnoar  ovar  this  rang#  as  ovldoncad  by 
comparison  with  alactrical  raalatanca  strain-gauge 
measurements .  The  maximum  strain  sansitlvity  achieved  with 
tbs  capacitance  gaugs  waa  1  x  10*"?  inches/lnch,  howtvar, 
difficulties  in  temperature  control  causad  thermal  expansion 
and  contraction  during  tha  load-unload  cycle  which,  in  some 
cases,  dwarf  ad  langth  changes  duo  to  plastic  strain,  he 
e  result  the  strain  sansitlvity  used  was  5  x  10-7  inchsa/ 
inch. 

Tasting  was  carried  out  at  three  temperatures; 

75*  150  end  zoo T.  The  room  temperature  tests  <75  **) 
were  carried  out  in  air  without  temperature  control.  Due 
to  the  large  thermal  mesa  of  the  specimen-capacitance  gauge 
configuration,  temperature  fluctuations  took  place  very 
slowly  so  that  expansion  or  contraction  during  any  lead- 
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unload  cycle  was  lee*  than  5  *  ItT?  inches/inch.  At  the 
higher  temperature  (150  and  200*?}  tasting  was  carried  out 
in  a  temperature  controlled  air  chamber,  the  apparatus 
(see  Figure  3)  consisted  of  an  annular  container.  The 
inner  cylinder  of  the  container  was  a  nichrona  wound 
resistance  furnace  and  nerved  ae  a  constant  temperature 
enclosure  for  the  specimen  and  grips,  the  temperature 
wes  controlled  to  within  ±  1*P  toy  a  thermocouple  controller, 
tl  a  temperature  was  read  independently  with  en  iron- 
conatanta n  thermocouple  mounted  on  the  specimen. 

3.3  MlMS&si m&touL  wuuuauas&i 

Since  the  Proximity  Meter  does  not  give 
absolute  values  of  strain  and  must  be  calibrated  for  each 
specimen,  it  is  necessary  to  manure  the  elastic  modulus 
Independently  at  each  temperature,  to  accomplish  this, 
etched  foil  electrical  resistance  strain  gauges  were  bonded 
to  the  gauge  section  of  the  specimen  with  SFY~4oo  epoxy 
cement.  Two  gauges  mounted  on  opposite  aides  of  the 
specimen  and  wired  in  aeries  were  used  to  balance  any 
effect  due  to  noaexlality  or  loading  and  to  produce  a 
seeding  of  average  strain.  Tom  gauges  were  moisture  proofed 
with  a  coat  of  fttycast  2651  high  temperature  epoxy. 
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i  hetmocouple 
LEAD 


PEED  THROUGH 


Fox  t«»tt  at  ambient  temperature  a  similarly  prepared 
vuiatniMd  specimen  was  noun  tad  near  tha  teat  specimen  to 
act  as  a  temperature  compensator .  At  15 0*F  and  «:uO*F  tha 
unstressed  specimen  was  aountad  la  an  air  furnace  and 
independently  maintained  at  temperature.  Both  the  taat 
apaciaaa  and  coapanaator  apaciaan  temperatures  were 
acmltoxad  with  lroa-constantan  thavaocouplaa .  For  room 
temperature  teats  no  temperature  control  waa  necaaaary 
sinca  the  ambient  did  not  vary  more  than  ±  0,2*F  during 
the  short  tasting  tlass.  Tha  stress  values  ware  read 
on  tha  Xnatroa  Chart  to  an  accuracy  of  ±  luo  psl  and  the 
strain  values  to  ±,  d  x  10*^  inches/inch  with  a  Baldwin 
type  M  strain  Indicator. 

a  stress  was  applied  below  the  elastic  limit 
and  the  strain  waa  measured .  Five  Independent  measure* 
wants  ware  made  for  each  specimen  at  each  temperature  and 
tha  modulus  was  calculated.  Tha  five  values  ware  than 
averaged . 

3-4  fiaaua mt& i 

Creep  tests  ware  conducted  in  a  hank  of  six 
dead-load  creep  machines  using  an  interrupted  loading 
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technique.  The  test  spec inert  was  enclosed  in  a  constant 
temperature  and  constant  atmosphere  dumber  which  vans 
noun tad  on  supports  connected  to  the  creep  frame  (sns 
Figure  4).  The  temperature  was  maintained  by  a  tubular 
nlchrome  wouia  resistance  £umacs  and  controlled  by  a 
thermistor  elenent  to  ±  o.l*F.  nitrogen  was  continuously 
fed  into  the  chamber  after  pasting  through  a  drying  and 
heating  column. 

J  creep  etress  was  applied  for  a  period  of  tine 
and  then  removed;  the  stress  was  measured  with  a  a  train 
gage  load  cell  and  the  residual  strain  was  measured  by 
the  capacitance  strain  '•'age .  the  specimen  was  then 
reloaded  for  *<  longer  period  of  tine,  the  procedure  wae 
continued  for  increasing  periods  of  time  until  a  total 
of  300  hours  of  creep  was  accumulated. 

The  strain  was  measured  using  the  capacitance 
gauge  and  the  a  pec  1mm  of  Figure  1. 

The  changes  in  gage  capacity  were  measured  with 
an  aiectro-sclentlfic  industries  707*  capacitance  bridge 
of  variable  sensitivity.  The  ester  was  calibrated  by 

i 

loading  the  a  pec  lean  with  known  weights  and  from  the  stress- 
strain  curve,  equating  the  strain  to  the  seter  deflection. 
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ItoxiaMi  •train  r« solution  of  ^  *  1G~^  Inches  par  inch  it 
SwSSiblw  “ith  this  lSStr<HMN«t  . 

The  speclaen  wan  gripped  against  its  shoulders 
by  matcnad  aplit  nuts  which  wars  threaded  into  grips. 

The  grips  wara  connactsd  by  threaded  rods  to  the  uppar 
and  lower  yokes.  Tbs  lower  yoke,  which  also  sarvad  as 
a  load  call  for  Measuring  atrassj  was  connactad  by  a 
spbarical  thrust  barring  to  tbs  fries  of  tha  machine. 

Tha  uppar  yoke  was  pinnad  to  tha  lsvar  arm.  Tbs  lavar 
arm  was  pivoted  on  a  pin  in  a  support  block  and  could  ba 
arrangad  to  give  a  Mechanical  advantage  of  tan  or  twanty 
to  one.  strass  was  appllad  to  tha  craap  specimen  by  aeans 
of  cast  Iron  weights  stacksd  on  a  hangar  attacbsd  to  tbs 
lavar  ana.  Tha  lead  was  reMOvsd  by  aeans  of  a  hydraulic 
jack.  Tor  oaro  readings,  tha  lavar  ara  was  hsld  in  tha 
unloaded  position  by  a  support  axis  and  pin. 

Tha  craap  strata  was  Measured  by  assn*  of  s 
load  call  in  tha  lowar  yoka  of  tbs  craap  Machine.  Tha 
call  conslstad  of  s  u.35o  inch diameter  taction  of  tha  yoka 
Machined  into  a  a  inch  tsnsila  bar.  Tha  tansila  bar  was 
inatruaentsd  with  two  etc had  foil  strain  gagas  iocs tad  on 
opposite  sides  of  tha  gaga  taction  perpendicular  to  tha 
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lever  arm  and  wind  in  msIm.  The  itrain  gagas  wan 
moisture-proofed  with  a  coating  of  stycaat  2651  eposy 
potting  compound .  /  similar  dummy  oar  was  hung  asst  to 

ths  load  coll  as  a  taaparatiin  compensator.  A  Baldwin 
typo  H  strain  indicator  was  usad  for  strain  readings 
which  war#  converted  to  atxoss  by  the  stress-strain  curve 
of  tha  nild  steal  rod. 

Table  XXZ  lists  tha  creep  a trasses  and  tempsr- 
atures  investigated  for  each  material  during  this  program. 

5*5  ftimsneloml  Changes  with  Zero  .Applied  Loads 

Xn  order  to  study  tha  dimensional  changes  under 
storage  conditions,  apse  leans  of  the  four  alloys  ware 
machined  to  the  dioensloae  of  Figure  5  following  the  same 
host  treating  and  machining  schedule  previously  outlined. 
After  the  final  heat  treatment  the  specimens  ware  given 
a  hand  polish  with  3/u  grit  emery  paper  followed  by  a 
careful  polish  with  a  fine  micropolishlng  paper. 

Tne  a pec leans  were  then  placed  in  air  furnaces 
maintained  at  75*150  and  iuu*F  and  their  lengths 
periodically  measured.  Tha  furnace  tenperstu  re  was 
maintained  at  ±  o.5*F  of  the  designated  temperatures . 


16* 


Aaellafl  sam  ttami 


85 

i5w‘r 

2uu*y 

rm  Cut 

50,000 

48,000 

3j,ou0 

Xavar  36 

35,000 

33,5ou 

25,000 

22;,  000 

^2,000 

15,000 

356-*6 

13,500 

12,500 

12,000 

Alimlnuu 

9,000 

8,400 

8,200 

6,300 

6,  loo 

5,8oo 

310  •tainlaa# 

37,500 

36.00O 

34,500 

Steal 

25,000 

*4,000 

*.3,000 

16,700 

16,000 

14,500 

606I  Muaiauu 

25,000 

24,000 

23,50o 

I7,5oo 

15,500 

15,000 

10,500 

9.500 

9,0Oo 

*292* 

8,380 

8,000 

7,400 

Maynaaiuaa 

5,280 

5,000 

4,780 

3,700 

3,53o 

3,340 

DlmntiflMl  changes  win  determined  from 
precision  aniuriMn^s  of  the  overall  length  of  the 
apse  1— n  after  each  storage  period.  Ml  measurements 
were  made  using  a  Sheffield  mechanical  optical  comparator 
with  an  accuracy  o£  ±  3  microinchea/inch .  The  comparator 
indicated  the  difference  in  length  between  the  teet 
specimen  and  a  gage  block  of  known  length. 

The  nominal  finished  length  of  the  storage 
specimens  was  4  inches  but  the  length  varied  from  specimen 
to  specimen,  since  the  scale  range  of  the  comparator  is 
o.ool  inches j  a  single  gauge  block  (4.030  inches  in 
length)  was  used.  When  required,  a  small  standard  block 
could  be  selected  from  a  series  of  standards  and  placed 
under  the  specimen  ao  that  the  overall  height  of  the 
•Fecismn  plus  block  was  within  u.ool  inches  of  4.030  laches. 

Ths  storage  specimen,  upon  removal  from  the 
furnace,  was  placed  on  a  large  copper  block  for  a  period 
in  ercees  of  30  minutes.  Because  of  its  large  thermal 
mass,  tne  copper  block  served  as  a  constant  temperature 
plate.  *  reading  of  the  specimen  was  taken  oa  the 
comparator  and  then  retttffnsd  to  the  copper  plate, 
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Tha  f«9«  block  w«  then  road,  Ail  procedure  mi  repeated 

three  tines  and  averaged  for  both  apecinen  and  gaga 

block.  The  relative  length  of  the  specimen  vn«  calculated 

iron  tbeaa  values.  Tha  resolution  of  the  comparator  mi 

5  x  lCT6  inches,  for  a  4  loch  spec  loan  length,  this 

«*6 

resulted  in  a  sensitivity  of  1.^5  *  10  inches  per  inch. 
The  spec! none  and  gage  blocks  ears  handled  with  gloved 
hands  at  all  tines  to  reduce  heating  and  eoieture  changes 
end  handling  was  kept  to  a  ainieue. 


Tha  stress-total  strain  an d  strata -plastic  strain 
cur  vs  s  for  ths  £ivs  silo/  ayatems  ars  prsssntsd  in  Figures 
6-10.  All  determinations  reported  wars  loads  with  ths 
capacitance  strain  gauge  and  the  elastic  lleits  are  the 
stresses  at  Which  ths  first  5  a  lcT?  strain  ess  detected. 
The  elastic  Limits  and  elastic  moduli  are  summarised  in 
Table  XV,  The  elastic  Units  and  ths  elastic  moduli  showed 
a  similar  temperature  dependence ,  but  the  elastic  Unite 
were  somewhat  more  sensitive  to  temperature.  This  has 
been  confirmed  in  other  pure  metals (2)  and  alloys^  and 
has  been  explained  by  a  thermally  activated  mechanism  of 
dislocation  multiplication  and  motion. 

Brown  and  Luhena^)  and  Thomas  and  Averbach^) 
have  observed  and  explained  a  parabolic  relationship 
between  stress  and  plastic  strain.  Tne  room  temperature 
plastic  strain  curvet  of  Figures  6-10  ere  replotted  in 
Figure  II  with  the  street  plotted  against  the  square  root 
of  the  plastic  straini  A  straight  line  dependence  wes 
observed  confirming  the  parabolic  work  hardening  law. 
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Elastic  Limits  and  Elastic  Moduli  of 
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Tha  cmp  bthivior  uadir  load  ot  £ym  cat  Invar 
56,  5t>6-T6  aluminum,  )lo  a  ta  minus  sts«l,  6o6l  aluminum 
and  ^9 2/  magnesium  at  85,150  and  kU0*F  In  presented  In 
Figures  ld-^o,  Th®  creep  rata  in  ail  cases  was  seen  to 
start  at  a  high  value  and  decrease  continuously  until  it 
approached  a  steady  state  condition.  The  early  creep 
rate  and  creep  strain  are  seen  to  Increase  with  temperature 
at  comparable  stresses. 

At  creep  stresses  celow  the  elastic  limit  the 
creep  rate  in  ail  cases  decreased  continuously  approaching 
aero  at  the  lower  temperatures  in  a  short  tine.  Hear 
the  elastic  limit  stress  the  creep  rate  decreased 
continuously  approaching  a  steady  state  creep  rate.  At 
still  higher  temperatures  the  creep  rate  was  higher  and 
decreased  sore  slowly. 

in  ordsr  to  understand  the  creep  behavior  of 
these  alloys  it  is  necessary  to  develop  s  dislocation 
mschanism  of  creep.  Creep  at  high  loads  generally  consists 
of  three  stages,  the  first  of  which  is  characterised  by  s 
decreasing  creep  rata  (transient  creep).  Bveatuelly  the 
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Figure  -  Total  creep  curves  or  -1-T0  aluminum  at  lpO°F . 


crssp  rat#  dtcnuMi  to  *  constant  or  stsady  stats 
condition  (sscoi.a  stags)  which  is  followed  by  an 
increasing  crssp  rats  (tsrtiary  crssp)  until  failurs 
occurs . 

To  explain  crssp  bshavior  in  the  first  or 
trsnsisnt  stags  two  mechanisms  have  bssn  advanced. 

Cons  las  ring  ths  rats  determining  mechanism  at  low  tem- 
psraturss  «s  ths  motion  of  dislocations  through  a  forest 
of  dislocations  b.  ths  creation  of  jogs  loads  to  ths  wsll 
known  logarithmic  crssp  law(7)  givsn  byi 

r  -  k  log  t  (1) 


P t  highs r  temperatures  whsrs  ths  dislocations  can 
acquire  enough  thermal  snsrgy  to  climb  and  thsrsby 
avoid  obstacle! ,  analysis  givss  ths  Andrade  relation* 
ship. ^ 


r. 
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which  is  known  as  ths  £  -crssp  law. 

Both  thsss  mechanisms  assums  a  l«rgs  degree 
of  cold  work  prior  to  crssp  in  ordsr  to  crests  ths  forsst 
of  dislocations .  Hows vs r,  it  has  bssn  recently  demonstrated 
that  although  wsll  dsflnad  ds format ion  occurs  in  ths  micro- 
yisld  region,  ths  dislocations  ars  not  extensive  s no ugh 


to  fora  extensive  forests . ’■  9  ^  Thus,  at  itM««  below  ana 
•lightly  aoo/i  the  •lactic  Halt  the  p  and  logarithmic 
creep  laws  ara  not  expected  to  bs  strictly  valid. 

It  has  been  demonstrated  that  in  the  region 
of  tbs  lu^°  or  lJ~7  #laatic  Halt,  permanent  plaatic 
deformation  takes  place  by  the  multiplication  and  action 
of  pinned  dislocations  and  that  this  mechanics  is 
thermally  activated. with  the  application  of  a 
•trees  in  the  region  of  the  elaatic  limit,  dislocations 
how  out  creating  new  dislocation*  which  move  until 
obstacles  are  mot.  The  dislocation  multiplication 
ceases  when  the  back  stress  from  the  blocked  dislocations 
•tops  the  operation  ox  the  source.  This  is  the  otatm 
when  microcreep  begins. 

Since  the  average  sources  active  at  the  constant 
•trass  level  have  been  s aha us ted  further  deformation  can 
only  he  accomplished  by  activating  more  dislocation 
sources  or  by  re -active ting  the  exhausted  sources.  Xt 
is  assumed  that  this  occurs  wnen  a  fluctuation  of  the 
internal  stress  aided  by  thermal  activation  takas  place. 

The  creep  rate  for  this  process  is  given  by 


jXl 

dt 


«M> 


n 


(5) 
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where  to  is  tha  nunbar  of  dislocation  loops  par  square 
contuwter,  A  is  the  area  of  active  slip  planes  in  the 
specimen,  to  the  burger's  vector,  is  the  rate  of  multi¬ 
plication  of  dislocations,  and  n  is  the  number  of  fluc¬ 
tuations  necessary  to  build  up  to  the  minimum  stress 
to  activate  a  dislocation  source.  If  we  assume  that 
random  stress  fluctuations  taka  place  with  a  eean  square 
distribution  around  the  applied  stress  them 

n  »-■-  Jjj?  n  ~  -h  •  •  (4) 

a  a 

From  the  stress-plastic  strain  curves  of  Figure  11,  at 
stress  levels  above  the  elastic  limit  and  stress 
fluctuation  is  given  byi 

1/2 

6^*  »’  he  (5) 

However,  since  the  creep  curves  represent  total  creep 
rather  than  the  plastic  component  of  total  creep,  the 
stress  fluctuations  nay  not  toe  defined  toy  the  plastic 
strain  curves  tout  should  fall  nearer  the  stress-total 
strain  curves.  Writing  the  stress  fluctuation  as 

Ac  -  Kq  «*  (6) 
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where  O  <  m  <  L, 
equation  3>  becoaas 


cu  _  a»b  ^ 

dt  *2® 


which  integrates  to 


(7) 


-  (icw-l  )  1^' 


JdlB+1  {<*a^t)  cSH-1 


(8) 


or 

r  c  *)  iaw-1  (9) 

For  the  parabolic  stream  dependence,  m  »  !/<:  and 
Eq.  (9)  reduces  to  f  »  tt^<ra(  t ) i,/<d .  The  difference 
uetveen  the  cube  root  tiaa  dependence  of  p -creep  and 
the  parabolic  tine  dependence  of  equation  7  arises 
iron  tbs  value  of  the  stress  fluctuations  vbich  in 
the  p -creep  derivation  were  aseueed  to  be  directly 
proportional  to  the  strain. 

In  the  theory  of  p -creep  the  rata  of  dis¬ 
location  Multiplication  ia  replaced  by  the  rate  of 
dislocation  ciinb.  To  evaluate  vs  oust  evaluate 
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tna  probability  o f  creating  a  mobile  dislocation.  Xt  has 
acm a  demonstrated  that  tbit  process  takes  place  when  an 
unpinned  length  of  dislocation  bows  out  to  an  unstable 
alee  where  its  radius  of  curvature  reaches  half  the 
original  pinned  dislocation  length.  Furthermore ,  this 
process  is  th# really  activated  end  elded  by  the  internal 
etreea.  Denoting  the  activation  energy  as  Q,  the 
activation  probability  for  dislocation  multiplication 
in  the  forward  direction  ia  given  by* 

*£  -  "0 .*.(  (lo) 

kT 

where  o0  la  the  critical  atrasa  neceeeary  to  activate 
the  average  dislocation  source.  in  the  reverse  direction, 
the  expression  las 

Fr  ~  «*P  -Q  +  (•>».-  o)b*  (11) 

h* 

Since  the  rate  of  dislocation  sultlpiactlon 
ia  given  by  tne  product  of  the  lumber  of  attempts  to 
clleb  the  energy  barter  and  the  probability  of  over* 
coning  the  barrier,  adding  equations  10  and  11  gives 
the  net  rate  of  dislocation  auitipllcatlon  ast 
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*  nv  *inh  (r*—3^)bd  exp  (-Q/kT)  (It) 

WP 

where  n  is  tha  number  of  source*  and  v  ths  vibration 
frequency  o i  the  dislocation  linn .  combining  aquation* 

9  and  Yd  yield*  a  final  expression  for  the  creep  strain 
above  the  lo~6  elastic  Unit  stress  of 

c  *  K,  rnwa^  t  a  inn  (  ca+1  exp  -  (kaH>l)kT  (13) 

^  kT  J 


or 

v  -  '•'--a*  t  sinh  (cr^in)^  2e+l  exp  -  (2mtl)kX  (14) 

^  k t  ' 

in  Figure  c7-4l  the  creep  curves  are 
replotted  on  a  logarithmic  scale.  The  constants  of 
equation  14  were  calculated  from  the  curves  at  stresses 
above  the  elastic  limit  and  ars  tabulated  in  Table  V. 

The  values  of  are  ssen  to  vary  between  1/3  and  1/a. 

The  value  of  1/i  results  from  a  stress  fluctuation 
defined  by  the  etress-plastlc  strain  curve  and  equation  3 
while  the  1/3  value  would  come  from  equation  6  with  n  *  1. 
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Figure  -  Creep  curves  of  aluminur 
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Analysis  of  ths  activation  energy,  Q,  yields 
results  vary  close  to  reported  values  for  ths  activation 
energy  for  seif  diffusion.  Diffusions!  type  creep,  however, 
was  not  observed  for  the  AZ9xA  magnesium  except  at  the  higher 
temperatures.  This  may  be  dua  to  the  low  tee  ting  stresses 
at  which  diffusions!  creep  may  not  predoaiinata . 

At  stresses  below  the  elastic  limit  smell  stress 
fluctuations  will  not  result  in  instantanaous  creep  defor¬ 
mation  since  the  stress-plastic  strain  curves  have  infinite 
slopes  in  this  region.  However,  many  dislocation  sources 
are  active  at  stresses  below  the  elastic  limit  and  -base 
will  operate,  contributing  to  the  creep  strain  until 
exhausted.  As  these  sources  sre  exhausted  the  creep  rate 
should  diiiiaiah  eventually  going  to  sero  when  no  more  active 
sources  exist. 

following  general  reaetiw.  rate  theory  and 
assuming  the  rate  of  dislocation  generation  is  of  first 
order,  the  rets  of  exhaust ion  of  active  sources  would  be 
proportional  to  the  concentration  of  active  sources 


which  upon  integration  yields 


«  -  ■.•*** 

Since  the  creep  rate  is  given  by 

m  SbC 

dt 

where  b  is  tne  Burgers  nector ,  p  tne  rate  at  which  the 
dislocation  sources  operate  and  ff  the  number  of  active 
sources,  the  creep  strain  is  given  byi 

C  .  (1  -  e^*)  (18) 

where  XBfeK  is  the  limiting  strain  after  infinite  ties. 

e 

Xt  is  expected  that  the  limiting  strain  should  toe  directly 
proportional  to  the  stress  and  the  tempera  tore,  that  is 
with  increased  temperature  and  at  higher  stresses  the 
Uniting  strain  increases*  Analysis  of  the  curves  of 
rigures  27-41  at  stresses  below  the  elastic  limit  indicates 
that  the  limiting  strain  can  toe  expressed  as 

•  W  X  (19) 

where  is  the  applied  stress  and  1  the  absolute  tes^erature. 


(16) 


(17) 
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Combining  equations  16  and  19  gives  *  final  expression 


frWae  \T\ 


-6  .i 


10  elastic  Uait  of 


r  -  A  ( 1 -.-$*)  ,-T 


(20) 


The  constants  calculated  iron  Figures  27*41  are  tab* 
ultated  in  Tsois  VI. 

In  sunnary,  tbs  results  shew  that  alcrocreep 
can  he  expressed  by  two  relationships  depending  on 
vfcether  the  applied  stress  Is  larger  or  saeller  than  the 
W*6  elastic  Halt  stress,  oQ. 

Further  analysis  will  sis  at  resolving  the 
saoaalous  behavior  of  AZ92A  nagnaaiua.  if  forts  will  toe 
n&de  to  evaluate  the  constants  free  a  theoretical  nodal. 
The  functional  dependence  of  the  creep  strain  on 
taetperature  and  applied  stress  will  he  analysed  from 
theoretical  considerations. 


4.3 
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The  results  of  the  evaluations  of  long :h 
changes  In  the  five  alloys  under  storage  conditions  at 
75 » 150  and  200  *F  are  shown  in  Figures  42*46.  Begat! ve 
length  changes  were  observed  in  all  the  alloys  after 
50  hours  with  the  exception  ox  the  6o6l  a  1  uninun. 
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Figure  42  -  Dimensional  Change  of  free  cut  Invar  stored  at 


Figure  -  Dimensional  Changes  of  ;.1Z  stainless  steel  stored  at 
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The  356-T6  aluminum  and  310  stainless  steel  showed  a 
slight  increase  in  length  followed  by  a  decrease  in  length. 
The  6o6l  Aluminum  showed  an  initial  negative  change  which 
slowly  increased  to  an  overall  positive  length  change. 

The  356-T6  Aluminum  shewed  the  greatest  dimensional 
instability .  In  all  cases  the  magnitude  of  the  dimensional 
changes  were  insignificant  in  comparison  to  the  creep 
changes  under  load. 

The  measurements,  although  not  complete,  show 
dimensional  changes  similar  to  that  reported  by  Leaent 
and  Averbach. ( 10) 


$ 
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A  facility  for  the  determination  of  distortion 
in  castings  and  welded  structures  after  beat  treating 
and  nachining  operations  was  designed  and  toe  necessary 
equipment  was  purchased  and  constructed.  The  facility 
consists  of  tbs  following  items. 

1.  Bilgar-watta  TA-1  autocollieator 

k.  nilgsj>watts  90®  prism 

3.  r  optically  flat  ailverad  mirrors 

4.  flat  pyre*  plats  Ik  x  lk  x  1/k  inch 

5.  k  standard  blocks 

6.  precision  44oc  stainless  atael  balls  o.375 
inch  in  disaster  in  several  aisa  ranges. 

The  complete  assembly  le  mounted  on  a  granite 
surface  plats  which  is  Isolated  from  the  floor  by  shock 
absorbers  to  aiaiaiM  building  vibration  and  ambiguity 
in  the  measurement# . 

The  distortion  specimen  was  rough  machined  to 
the  dimensions  of  figure  47  on  a  milling  machine,  on 
the  external  faces  90*  holes  were  rough  drilled  with  a 
tap  drill  at  the  Indicated  points. 


-77- 


following  agoing  a  slot  was  cut  aa  shown  in 
figuro  47  with  an  llox  electrical  discharge  machining 
unit  with  a  brass  electrode.  The  surfaces  were  then 
■tilled  with  ail  faces  parallel  to  within  0.001  inches. 

The  conical  holes  were  then  finish  machined  in  a  Moore 
Vo.  3  jig-borer  to  a  depth  of  0.233  inch  using  an 
electronic  depth  stop.  Carbide  tooling  was  used  to 
minimise  tool  wear.  The  hole  dimension  allows  a  0.373 
inch  steel  bail  to  rest  at  a  depth  of  0.10G  inch  in  the 
distortion  specimen. 

The  testing  configuration  is  shown  in  Figure  46. 
The  specimen  rests  on  balls  on  the  pyrex  plate.  The 
standard  block  is  placed  against  the  distortion  block. 

For  measurements  in  the  horisontal  position  the  standard 
block  is  fitted  with  a  single  steel  ball.  The  mirror 
rests  on  two  balls  on  the  specimen  and  one  on  the  standard. 
In  this  configuration  a  measurement  in  the  change  of 
height  can  be  made,  and  by  turning  the  autocollimator 
cross-hairs  90*  the  change  in  pitch  of  the  specimen 
surface  can  be  measured. 
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In  the  vertical  position  tbs  standard  block  is 
fitted  with  two  balls.  Tbs  mirror  rests  on  these  two 
balls  and  one  in  the  specimen .  Measurements  of  the 
distortion  across  the  slot  are  made  by  resting  the  mirror 
on  three  balls  placed  in  holes  on  both  sides  of  the  slot. 

A  bean  of  light  from  the  autocollimator  passes  through 
the  prism  and  is  reflected  by  the  mirror  back  through 
the  prism  and  into  the  autocollisator .  The  angular 
divergence  of  the  light  beam  in  lta  passage  appears  as 
a  shadow  displaced  from  the  cross-hairs  of  the  instrument. 
This  displacement  can  be  read  and  from  simple  geometry 
converted  to  the  angle  0  that  the  mirror  makes  with  the 
distortion  block.  By  measuring  this  angle  •  before  and 
after  a  machining  and/or  best  treating  operation,  it  is 
possible  to  measure  the  distortion  due  to  these  operations. 
By  rearranging  the  specimen,  linear  distortion  of  tho 
specimen  can  be  measured  in  mil  directions. 

In  the  event  that  distortion  caueee  certain  of 
the  measurements  to  fall  outside  the  field  of  the  auto¬ 
collimator,  balls  of  different  sites  can  be  calibrated 
and  vised. 
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preliminary  »•«*  sure  neats  of  distortion  in  35 6-*6 
•luMinua  tuv«  aeon  m*d*  Oiled  have  demonstrated  tte 
technique's  high  resolution  and  mafulMai.  Distortion 
will  am  detemloed  os  a  function  of  Machining  operations, 
ago  hardening  and  stress  relief  heat  treatnsats  for  each 
of  the  five  alloys  evaluated  in  this  program  and  for  the 
three  alloys  to  be  evaluated  in  the  coning  year. 


nil  worX  will  continue  In  the  Mxt  year  under 
•  mmv«1  contract.  D  law  ns  Iona  1  stability  svaluations 
will  bs  conducted  for  HKJ1A-T 6  magnesium-thorium, 
beryllium-copper  and  H-ll  a us forming  tool  stool. 

Tho  analysis  of  aicroyield  and  aicrocreep  data 
will  continue  In  ordor  to  undorstand  tho  mechanisms  for 
thoso  phenomena. 

Tho  measurements  of  dimensional  changes  under 
storage  conditions  will  be  carried  out  using  auto- 
coll  law  t  ion  techniques.  This  technique  will  eliminate 
errors  due  to  slight  temperature  variations  and  wear  on 
the  ends  of  the  specimens  from  the  comparator  probe 

*  testing  program  to  evaluate  distortion  as  a 
function  of  heat  treating  and  machining  operations  will 
he  initiated  as  outlined  in  section  5 •  The  five  alloys  of 
the  previous  program  aa  well  as  those  mentioned  above 
will  he  tested  after  fabrication  procedures  similar  to 
those  commonly  used  in  structure!  applications  of  each 


alloy 
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